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1.1 Gqumepnl ctetement of Goble 

Thie diesertstien 13 concerns with Ge seeer in widen Ue ree 
Sleting ;peperiice of « stmetwe are influmeos b. ths intersctiac w- 
ere Ye rtructar ani ite feusletion. 

aes np Gyremiic lowed sots wen e structure, the fare af tie inet 
eouaen the structums to neve externally cr defers intermally until the 
emerg impertec to it is used ap, or until the steuctame fells. The in- 
ternal resletance offered by te structure depends upon tle streets ae 
Pigidity of jaints end commecticns as wll se of imiividuel ammibers. Tam 
@ @twecturs can sitord enemy w deferwetion or Gefioction. ep stzauctore 
hee a Minit to the"smouit of energy it em abecrd without fellre. Smee 
@ae 6 structures Gwe not fell lg intersa] ceformrtion, it ay be we 
eetiafectory if it ie vvertiewe! & sowd bolily. Therefor, a stay of 
ertermsi sertian is alzo of tayartance. 


Tie purpose of this Mesmrtetios is to ctudy the nammr in vdueh 
a staple structar tehewe amier veriouw comlitions of elaple dyaedc lame 
fing @xt various cunditions of facdetion restenlet, 
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163 Yetbed of sourcesh 

The method cf apzroach to the problem is eneliytical. The con 
trolled parameters axe discursed in Section II. tection ITI contains the 
equations and solutions ae vell ee the sesumptions mete. Section TV can 
teins the summery avy] conclusions; Appeniix C contains graphs ef some of 
the regults. 

Rech symbol is cGefined where first used; enl fax ecvenionce, a 
oumery of all egsbois is civan in Appendix 4. 
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II. GEMERAL DDO HSION OF VARTABII® £0 FARAIT TERS 


The parmeters of the ;roblem fal) into three general groupes 
those charscteristic of the losding funetion; thowe cheracteristic of tbe 
structure; those characteristic of the sail and ite interaction with the 
foundation. 


2-1 The leading Punction 

The load is a result of a lateral tine-dependent presmure acting 
on the structure. The load ia reyresented ty the force P, which is 4 con- 
eentreted force, dependent on tine, and always equivelont to the resultant 
ef the mreseures at any instant. The peint of epplication of the equiv- 
alert load ¥, is considered constant curing eny given dynamic loading. The 
point of application iz ome of the peranmetere studicd. 

Coviously there are a great mmber of sheyer cf load=time curves 
whieh could te use), The choice is a compromise between accuracy end ex- 
pediency. Moreover, too much securacy would be unvarrented in view of the 
approximate nature of other quantities entering the problem. 

For the purpose of this study, it is desirable to stendertiize the 
shape of the load—tine curve ao thet the effects ef changing other parce 
meters can bo noted. It ia also desirable to chocese a shape wiich wil) not 
unduly complicate the calculations. Therefors, a rectangular pulse shape 
with varying ?, and varying t., (Guration of julse) has been used. It is 
ehown in Fig. 2-1. 
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Mo Cirect coneidareticon is given the effect of wertical 
petomases on tle sizructue. f[ruever, since the vertices] sgreseure come 
not ebeide as reyidiy ea the isters] preacure, it can be esmemd that 
the vert cal pressure is sovetart for the entire tiew thei tin etructor 
ie comidered. The weight (ng) off the structure can be saw sufficiently 
lerge to Include the vertices] preseuse foree. 


202 aglmuntian Coumicere. 

The sisale structue studied is a rectangular box-shaped ons. 
Ite amas can te com<idersd comentreted et a center of meses (com.) sm 
it ts seouned that the location of the came is known. Te weight of the 
swucteme ia ng. The height of the cen. is recvesented by 2. Dis not 
necesserily heif the height of the eteweture. The width of the bese is 
mm. (% effects in tha thirs disension are considered end the ¢ineneion 
in thet direction can be thougnt of ea unity). 

In the eoleulations fur ov-rtuming, the retto of 2/D ta 
Loyporten:te Thip ip ‘taken as i in cone of the cumple calculations ao that 
the effects of verying other pare@eters can be studied. 

Ia the firet pert of the study the structure is considered to 
be wrylelding cy rigid as shoun in Fige «wt. It is leter considered to 
have come ability te dictert as a "sheer Loa" af shown in Plz. 4). 


203 gab Goerectoristics gu Interssiion wit) .tructum 
The deternineiion and seadistion of soll mame propertion aw 
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properties are equally ecaplex, and little information is aveileble. 
Fuarthermor, the ecil wees properties vary for different localities, and 
even vary in the sane lecality at different times. Consequertiy, in em 
analytical staly euch as this, uhich is beth thearctical and apprecinete, 
the properties of the eoil are extremely cver-sinplified. 

The sell mags vill resist the fomdation thrust with forces 
which can be resclved into horizontal and vertical components. It is oone 
verient, then, to define vertical soil Cynamic properties and herisontal 
203-1 Vortioa) Flexibility | 

The soil beneath the foundation is represented hy two eculiv- 
slent vertical springs. The springs have a loaieiisplacement relation 
which is intended to approximate a seni-elastic soil. This is show in 
Fige 2~4. The velw K_ is the slope of the force-(leplecement curve; er 
in other worda, the force exerted by the spring por unit ujeing conpresston. 
It is ascuned that-the eprings cannot exert a tensile fares (pill dow on 
the structure). 

K, is @ perancter wiich can vary widely. It ia further Ge- 
fined sp mg/2S, where m is the moss of the etaucture, g ie the ecceler~ 
ation of gravity, andi S is the distance that the two sporings would eech 
compress under the weig't (mg) of the structure. Therefore, 5 can bo 
thought of as a theoretical initial settlement of the etructure vhich 
cecurs as the structure is placed on the eprings. 















—_- 


sthliee ol eed A ee oe 

ee phe. Cee a ber Sle, ee fe we, 
ot alert eed) we 6 ied eed oS gl ee 
me te eed ee ee neh a ee a LO 
ee eee ee 
re ee ee a 
er ee ee rs 
er i ad 
ee eee er ee) , 
Oe ee 2 ee ete re tine be 
ee ee ee | 
eee ee ee ey - 
CR et ee oe ate 
met Loe) eed the 6 tee oe qedus — 








_—— 


ss 























Sere ee ee ee i er 
eee a ey rete ee Se wee os do el ot wk 
| ee Ae Any: Pe tee re ot tt Om chore be aie 
ee 
SON) amt OR & Pm Oe tretecmes © oe 

mee Ee a 








Se3ee lamamone, Dae lie 

if the etencture reste om the com curfece, Lee no emave ion 
and no initial eettlenent, the horisentai reaistance is Largely friction 
between eof] and structure. The wefficiont of resistance is des! grated 
ge Gn constant pasuneter f, seemed independent of time ant velocity. 
The weight of the steecture is nc; the borimontel rerictive forse 1s acf. 

if the structure rests with ite foundation bolow the ground ax 
feee, sther horiaontel resistive forces ect: shearing realstence of the 

The nature of the Srictden forcos ts uncertain. ‘The >lanm of 
slippage i» woeerteix. The cohesive forcee are urcertein. 

The various resistive forees etl ali to meke the tote! reristance 
to herizontel movement of the structure. The relation of tote) resistance 
to hariscs:tal Heplecsment ta a Mmetion which could have a wide variety 
of shagyes wien plotted. It ta therefore meosssary to ako an arbitrary 
ie. .* 

feoardingly, the total horiacntal realstive foree ia assumed to 
te constant seni indeyenient of Cisplecenent. ond velocity of nowewnt. It 
is eharseterized uy s di~ersionless cosffictert of resistence. fhe velue 
of f ig not limited to values lose then unity. 

She value f is therefore used to indieste the hor! gente! roe 
sigtenes regardless of vhetler tie structures reeta om the crue] caefoce 
ar reste in an exmavetion. 
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Sextdeal Lixection 
Jelel Ipe Mele! ct Qenher of umes 
Under this heeding eceversi different cases are considered. ‘hey 


Ciffer in the asarmption of the nature of the herlaental resistive force 
exerted on the stroctusw ty the ground. 

Sinee the grows! is asgumed to be umlelding in the vertices! 
direction, there can be no deproeeion of the structure into the grourl. 
The only possible ections of the structure ares (1) overturning (-) eldd= 
ing (3) aliding amt cvortuening. 
protien. The structure itecif, Mg. Sl, is righé oni eseured te resiot al. 
internal deformation. ft ts eble te slide cr overturn. It cennot depress 
inte the grouni, | 

Tn coordisivtes x ani y designate the ebeclite displecaent of 
the oonter of masa of the structure. The coordinates ¥ and ¥ dori mete tho 
steolute Ueplacment of the formar tee (4) (1.c. the toe on the aide ewsy 
from thet etrusk ly f,). The angle & is the wmere of the clockwise 
rotation of the etructure fran tho serc -oritlorie | 

Sines the loading is dynaatic, ths seoolermiion of the mane of the 
structame wll. be an importent factor. She change in poeitden of the 
esteuctiore can be descr tie’! ty Un chang in x, y, # (or the change in 
Ree ). The nese of the structure, concidersd concentrated at the center 
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of mess, can move with amy or all of the x, y ani @ displacements. There 
will bo inertia forces resisting these movenents, namely! mi, rs and o“n 
whers : 


Q = squared radius of gyration of the structure about its can. 
In Pig. 342 these forces (mi,mij,em8) are show Aneluied in the force 
@iegresm. In the equations to follov, t!is principle of D’Alembert is used. 

The equivalent blest force, P,, is considered to ect horiacntelly 
om the certer of mass. The foreing function vas shom in Pig. 2-1. 

The horizontal resistive force caused by friction aml by other 
forces betwen the famdation emi soll is semaed constant. It is equal to 
megf; vbera u is the mess of the structure, g is the acceleration cf grevity, 
and f ie the eceffigient of resistance between sol! end founiation. The 
value of f is not necessarily linited to values lees than unity, es would 
be expected for a coefficient of friction only. 

; The magnitasle of the horizontal resistence force (agf) uill ine 
flnence the wemer in which a given structre regpouls to ea given load. If 
£ is sufficiently lerge, the force mef will prevent sliding of the etructum 
regardless of whether or not the structure rotetes. ‘The value of f which 
io just large enoug: to co this is designeted as f,- On the other hand, if 
the farce mgf is emell, there will be a value of f bolow which sliding 
oecurs with no rotating. Rotation is prevented by the restoring momenta 
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caused by the weicht of the structure end by tie horisentel tnertie force. 
This value of f in designated ap f,- 
1) Determinetion of an expreceion for f, 
Fron Figs 363 ve heve the fellowing ecuations of motions 
2 H=0 
pe m (xX +D6) =PRy 
Or Ge % mD6 a Re X=O Since no sliding 
2 Mee about front toe A 
P(D+ BB) - ma @-D6#) - em B=0 
where @ is the Squared radius of quyration 
oe PB+t mgD PD-mgB about A 
8 - =m oS eae 
q 
from whtch 
PD- Bp-mgB_ B+ mo D° 
0 = PBt+maD. maD (cosh arm t - 
= Since at t= 0, B¢6=0 


Mfferentigting teloe with respect to time; 


= —— (cosh BREE t ) 
laxt - : 
R,=R-mDe=P mb gee (cost REL 


vhews R is the horisontel force necessery to keep tho tee fron 
eliding. 


It is seen thet R. is e function of t, and that the maxim value 
| + mab 
of R, ia neevasary when the tern (ont) deo mtn 
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Since tie miniem value of the cosh function ts unity, the maximm & re~ 


Ruma = A -mDE @ m 
aad the value of f, remidred in: 


2 
f= Re = gas =a 4p) (Set) 
The first tern, nas te the value which vould prevent pure sliding. The 
secand term, uhich is subtracted from tho first, is the effect of rotation. 

It is eleo epearont from equation (2-1) thmt the vahw of f 
mceseary to prevent sliding ie not always less them unity. ‘while it is 
eustomary to tinink of coefficiente of friction as being less than unity, it 
should be remenberei that the f as defined herein 1a a maagure of all the 
horizontal resistance. It may include cther effects. It may teke m ax~ 
tremely lerge value of f to prevent sliding fer saw vabwes of F/mg and 
B/D, but 1t ie stild possibile, theoretically at least, to have no sliding . 

2) Betarmination of expression for f., 

Unless = cartein amount of frictional veaistence is obtained, 
there whl) be only sliding and no overturning. @ will remain zero if mly 
sliding occurs. 


The equations of motion fran Fig. 3-3 ares 
Z \e= 


es m(x+Dd6 )=R, 





emi «ines 9 =6 
R-m*x = Ri 
Be (Re Ra ee 
from which xX (io Ru) e 


s Since at t=o, x eK =O 
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Qg=nskz 


xX~M=O0 about tee A 
(R- mx)D- maB=90 (8 ¢ 6 are 3ero) 


= eo 
from which aes = 93)5 since at T=0, 
X= 
z=2 
Peake = Se - ge 
Saas — ve = 


But Ru = mafa 


£. oe Er (Fm ) 


The value of f., ie seen to be intsjenient of the lesd jaramcters 
ex depemient only upon the geceptrio propertions of the structures. It is 
to be vremenborec, however, thet the above values of f, ani f, are eltained 
by samming that the equivalent forces P, acts at the coms 

The expwesslons for £, exi £, ere beth ctraight lines for any 
given value of B/li.” The f, line is the bounlary of a sone of overturning 
only. The f, line it a boundary of a some of sliding only. 46 shown in 
Fig. Cal the two linss intersest when they are plotted agginet values of 
leai. This forms four sones: (1) Overtawning Only; (2) Gidding only; 
(3) Qwerturning end Sliding; (4) Ho Gliding and No Overturning. 

The three zones involving external soverent will now be cor 





Solel.) fom 1 Qverturnings lo alicing 
If therm ia no sliding cf the structure and consecuertiy no novee 
ment ef the front toe A, the only potsille motion 1s everturming about 
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toe & «3S oul F ave gee therefore. leferring to Pig. )-2 ani witiny the 
eqcunticons of mrti= for tle oa: of the mummte aicut the cum. 


(P, ~m x (D+ BO)=(mg - mYYB-DA) + gm © U3) 
for 0 St =Ttp 


(mm &YD+BO)=(mg-myYB-De)+ mB OK) 
for tp<t 

the ecuptiont stow aysin uee the small angle aperoinctiae 
@xsin 6 awl l2cos 6. Wie would intreduc: an error if ¢ lecaw larm. 
Por @ ctructure ute 5/D = § Uw neximue angic 6 will be alent asi” 
(She point of inste lity for overturning). For thls sagle, 6 aifTore 
fren Win @ by shout 49 percent ast 1 ciffers fron sae @ by about 1? pore 
cost. These errors eew «ithin the accuracy Liatts of the other jemwartere - 
Poe structures with O/D leew then . the am © to be dealt with ts lees 
ties 28° co the arpure vill be lees. 

For stragbure “th o largo /) vewtumning is not generally the 

Meaning ic equstiow (3-3) apc ()=4) am! rwomlling tet 2 eet 
> ewmein sero in this cose, we cop write: 


x= DO 
y= -BS for auull waluee of 6 
6 = 6 


Seketltetiiog icto eswiioe (-) 


(p-mD8 D+ BO) =(ng +m BSYB-dE)+ ger 
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PD + Bim Ss - mD 6= MgGB- mgDO4+mBS + em 


(e"+ B7+D')m6 -(mgD+PRB)O=RD-mgB 


Since (8 + D*) te the squared dietance from the ce me to the tee ebout 


witch rotation is teking place, ‘¢” + 8° + i”) 4s equivelent to tho equarel 


retinue of gyration of the mess about the toe (costgnated ty ¢ *). an 
vation (S=3.1) ean then be written: 


@ ‘mB -(mgD+RB)8=RD-mge vam 
5 -(@ Bele = =. ma ® 


wel in a cisctler nemer, equetion (3) wil become: 


o*m6 -(mgD)@ = -mqB 


4 


or 
6 “Fe = — ( Inulo.) 


These coum equations, of camns, could heve teen obtained fran Pip. “2. 
if the structure is originally at vest end bas no initial in 
Glination @ (4se. @,=°, Go > |—- ). The eoluthion to (5-31) tm 


3 ele (BO 
ep 2) 5) _ = 4) 


(1 + Rng Bip ) Yi 


and the angular displecement ani angular velocity ct time t. (ert of pulee) 


are: B — 
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: 1S D+RB RB 
6-3 ss sinh FrOPo® t 


mgD + eS 


The solution to (3—4.1) iss: 
{> fe 
= A cosh ia te +B sinh e ta + wee 


where &, is mensured fran position ©» axi t, in measured from the tine the 
pulse stop. 





A= 0p- 

B= OV (ex) 
The position of the structure when it stops overturning, providing it 
doeen't reech the point of overturning inetability, con be found by finding 
the time efter the pulse stops for @, to equal sero, and adding the tiue of 
the pulse. Then the corresponding enguler cleplaesment 6 cen be found. 

This hae been dens for a number of Gfferent values of pulse fore 

end duration, emi a fanlly of curves was cbtelned showing the maxiiam 0 
which the structure would samme before reciting beck. Por eny euructure 
there 45 enc value of @ hich vill be critical for insted lity, and the 
structure would then continue to cverturn unier ite cw weight. These ree 
eults ere show grephically in Fig. C2 of appendix C. 








Belele2 Zone 2 Sliding Guly and le o 
From Fige 3-2 the equation of motion is; 


P=mx + maf 


\ 
or x = Jawenaeety ad 
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Since @= at all valuws of t 


end as Ramet 
x m 


mt and velocity in the x direction are 0 





(Game | t 


<= 


and the woilocity at eny tine 
- maf 
<= yt 


at the end of the pulse (at end of t,) 
« Romaf\te 
Le 2 
= .~( R-mafyt 
kp = Cae ite 
The kinetic energy is: 
= = R-mMg ie 
KE. = a mx = eee L)s° 


~ 
LA 
7 


Since the staucbure 19 ascuned to be rigid and to undergo no in 
ternal deformation, this kinstic energy will bs ciseipeted in tringing the 
structure to rest against the hurleontsl] resistance, mef. Tho digtence the 
strvetwze will elice after the pulse hes stopped ia then obtained froma the 


energy equation: 


K.E. of structure at s, = External wom softer ‘. 


m R-maf )* a _ 
= sme ee = (X aX maf ) 


where %, is the distance the structure wil) slide after the pulse stopp. 
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17. 
Selving for x, 
Vier a) te 
a g¢ ( m 4 
The meximm of total distance the structure will alide ie the am 
of %, und %,- 
Xie = Xpt+Xa — 
- maf) te ,_' (R-maf) te 
% m 4 tap ( i 2 
= (R-mgt te y PR 
m rT rie 
er in Ginensionless form 
X max a se ey‘ 
Dr = Ging 7 FE ng ker) — 
It is seen that the meximm Gistanco the structure will slide is 
a femetion of tha magnitais and duration of the lead ami of the cosfiioiant 
of resistance. Z 
3elele3 Zone 2 Qvavtumning gui Sliding 
If f,<f<%, there is tec much horisontel sliding resistance for 
sliding only but not oneugh for cverturning only. The resulting action 
will be a combination of sliding end overturning. 
Referring to Fig. 3-3 and writing equations of motiens 





&H=O0 a 
P-mx -mpd6 = Ku 
2M=O-— about toe A 
(Ru +mD 6 (D+B0)- ma(S-De) - F*mb =O 


Solution ef the above two similtaneous equations will give velues of 6 
and % for any time t. The maclsam values of 6 end X would be found) by 
fret finding the , X, ¢, and @ at t, (omi of pulse); then rewriting the 
equations above leaving cut the term /). bolution ef these ecuations 
vould give %, X, @, and 6 for sny time t. (after pales). The time for a 
qaiiinen © on © weld te fram ty cutting the caqpescion Oe 6 @ i= 6. 
The maximum @ $x could then be found. The solution for 6 is complicated 
by tle fect that one term will contain the product (ni66). 

Solution could be obtained by Nevmerk'ta /3 Method; asmming 
values of & 4 ¥ for the emi of time incrowente, eolving for 6 ¢z, and mub- 
stituting the values in the ecuations above. If the equations are satise 
fted, the velues are correct for thet times 

fovaver, $f the product (29066) in the equation above is con 
Wheewed to be very endl] canpared to the other temas onteining a0 ent 4s 
neglected, the equations became: 


P- mx Sambo = (lc 


or 
fwom<x = Ri Since X=¥X¥+DO 


and 
@7*m 8 - (mgD + Ru B)O= Ruy D-mgB 

















O=H 3 a 
«9 =bam- ke OO 


0 = be F -(GC-a) err - (G44 7Th GG t wl) 
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19. 


the secent! opurtics is cinile Ss fors to lommi. (3.2.2), ueich war for 
eorter ing nly, Ait Oe exw ticn thet .) bee beer oejleced ty |. fhe 
webstice afl) tan be We sco os Wet Meme Mr byet. (3.3.2) 2 5 
ecetitiet for },, claw bh, ie « comtot. ‘The emciam € can bo med es 
wae Gee foe overtuming aniy ~- of from » gregh ewcl as Fig. 2, aie 
wes wate for I/D =< |. Ip wating the grugh the welus 6 should be sub- 
etiteed for PF, in he vel of the ontinwtes 
Tee velve of x om % chieine! fron tne eceelion: 


in mx =P, with x¢ X=O at t=o 


for my wales of t<tp or frum 
—~my¥ = a with X= Xp and K=Xo at t=te 


for amy value of t>t~, The wales of & com be Gbtalend fren the weletion: 


= x= x-DEO 
The presmting commie appl) den the eqitvalent fares 1, is caplies the 
am. of the otructur. 


Seled Gitert of Damian tol of mulioriion of ie wan. 
In the posweding em@lrels 2, wee eaumed to cot at the cons of the 


structame. This ic « mpeumwemehl+ esowation if the confer of sues Linu bee 
bint de cuntrold of the ourtuon exjamed to te lust. Ie the tuaiite 
structure comiideret bere, this woul “oe tie vorber of ama colnet de 
OO he peoeertric cevter WoO» rtemocrr. 
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(newer, it fe prolmiie test the wee dletribution coul’ be sun 
et Ge ulew conditions wee at obtaieu! ani the line of ection of [, 
would wet pose Gece? tie come It is of icterest Hen to stuty the effect 
Of sewing the joint of application of P, uith reepect to the cx. 

the effect of a iapact et the c.e. ves to came oo horigoestal ro~ 
ection ly tie soil cm the fountation in the direction oppoow to thet af 
(eo feyect. is Wo jonition of application of the impect sows upart on 
be otructums {t is theeretienlly poseihie te reach a pednt wich resulta 
3m sero heorisonte] founietion feeotion. Tale poict 25 the center of pare 
ematen of the structure. If tee point of applicetion ware moved fertuar 
ip Ce oem direction bayost the center of pereueston the boriaetal ro- 
ection of 961] on the fouuwtion would be the enme Clrection es thet of tiw 
impect. 

Miret, the locat'on of the center of percucadoe will te foun. 
In Pig. i-4 (4) the forces acting es the structure Just ctarte lo rvtete 
are shnar—i, scte gt the c.p., whiah is a Oletance 4 slows the cums Ve 
herisontai foree @, iust them be sare, fron the definition of cap.) nt 
there will te mo sliding -t the tee. The force ecustiaw are; 


2H=O0 
R =m< 

Gut since X= O, X=DO 
P=mpDé6 


>M=O0. about the am. 
Cay = emo =O 
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Substituting P= MDD in the sbove ecuation 


mD@d - ome =O 


Dd = e° 
ey = Vo 


For s rectenculer prise: of eonstant mass density with height 2D ami baes 
28, the squered radius cf gyration shout em axis through ite cem. is: 


y & w 5 
2 (2) + (CD) “ (8% p>) 


X 2 
and 


If the etzucture were rod-libe in shaps eo that the dimensian 5 wore 
negligible coazared to D, the exrreasion for d becanes: 

d=3D 
This is the third point fron the top, and is the cage generelly show in 
physica textheoke fox, the center of percussion. 

Equetion (3-4) eetatliehes a point of application for P, which 
requires no horizontal meistance ferce betawen ground and structure to 
prevent eliding. When the equivalent imuliae lead Pf, le applied at this 
point, the structise will tem only to cvertwn. The approximate neximm 
angie of overturning, 6.» can be found by equating the anguler immise 
about the toe to tle initial angular mamentum of the structure about the 
tee. From the engular momentum the initial Minetic energy of rotation can 
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(it. = « eam =9 
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ane 


be foul. From the K. E. the saxiam anguler displacement, © ex? de te 
found. 

anguler Isyuleo ef Loed = Ftp Cd+D) 

Initial Angular Monertus of Structure = lm, _0= me A 

Minetic Bnergy of Rotation = > | (8) = 

foment = ma (B- DQ) 

wok = Si de= f mg(B-D8) dO = ma(se,, 
Equating engular impulse on’ angular moment 

Rtp(d+D) = me76 


Eme “¢)- 


D 
os) 


AX 


§ = = rte (d+D) 
Dis 
Initial X. E. 


rm Rte )* (44D) (Rtp) (d+ D)~ 
K.E. = Cf m e = 2am v 


Equating the initial &. FE. to tie work done on the structure 





Stel (DY = mg (88,47 F Onan) 
Zi Pp A oy 
Ohaee 2 /p — | Gag Ka) | te J02 a 


Por which: 
a % a I %) (Ying) SAEED (te 3 
Since at @ = B/D tlw om. of the Aten te reaches! ¢ 
position vertically ever tho front tee, any rotation beyond thst position 
would result in unstebility and overturning. The cholee of the t+ sign in 
the emation above then would cive a ceaningleses answer since © ex woul 












—_ 


| (Pep dehS - —[ wales oom 
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be greater than BD. The equation to be used is then: 


Omax = o-1(%) (Yong) 22) (E23 | (27) 


R 


ubare d= (520) for the certer of percussion. 

In obtaining the above equations, maente were taken ebout the 
toe of the structure, if the herigcntal reective force, which acts 
through the toe, were not zero (1.0. P, not applied at the center of per- 
cussion), ani if the horizontal resistive force were large enough to 
prevent any sliding of the structize, the resulting equations would have 
the seme appeerance with caw exception-—the distance d would te the Cistence 
to the point ef epplication of P, measured vertically upwerd fren ¢.m ine 
stead of the distance to the cep. ‘quation (3-7) ean then be written in 


general en: 


_ 5, Y8(R, \deD ae 
O max = 7p (4) Cxng) oy ei (3-3) 


-& 


a 


viere a! is the dictance fran een. to point of application of f,. Wen 
d'sd=4(2*P-) then Py ta applied at the center of perovesicn. The 
generalisation of ecvetion (30) requires thet the structure does not elide 
for any poaltion of P,. 
Some cquelitetive information san be obtained from examining 


@quation (3-8). The term d appears in the mimes term unter the radicel. 
If d' 4p wero, then the foree P, 1a applied at the con. As a increages in 
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eise freo sero (measured upward fron c.n.), the total cusntity under the 
redicel will got meller. This will make the value of © get largur. In 
other worde, the cane impulsive force applicd at successively higher 
poritions above the com. will produce larger rotational displacements of 
the structure. 

If the frictional herisontel reelistive foree is not great enouch 
te prevent sliding, it is not so simple to prodict the meximm rotetionel 
displacement by the energy method previously used. fart of the initial 
kinetic energy imparted to the structure is used up in overceuming slicing 
resistance, and part is used up in overcoming rotational resistance. It is 
true, hovever, that when the paint of application of F, is at tho center of 
percuesion, all the energy goes into rotating the steucture. If the point 
of epplication is moved avey fran the c.p. in the dewr-erd direction (to- 
werd the c.m.) some of the energy goos into sliding the structure in the 
came direction as Fj, and less energy goos inte cvarturninge If the point 
of application ie mgyed upverd fro: the cemter of percussion, some of the 
energy goes into sliding also. Dut in tis cese the eliding is in the 
direction (opposite to P,) which inereases the rotational dleplacenent. 
The structure is then more susceptible to overturning. 

In appendix C., Figs. C4 and 6-5 show some of the relational ps 
diseussed above. 


302. @malzmla of Elexible lecteneuler itructume: oa fall Umieliine in 
Yarties! Limaction. Leal follies at Gonter af inves 
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> Cie Gadhete o> a Ge streets Gat’ 2s Gnesi & 
rigid and umylelding. It was aseweed inenpable of uelng up any emrygy in 

It ig now desirable to examine a structures which can yleli ine 
ternally, ani to make some comparisons. The stmture ie show in Fige 5x. 
The nage cf the structure is considere’ eoncertrated as shown at a height 
B. The top ani hotton horizontal girders are sssumed infinitely stiff. 
The vertices] columey are asmaa! to have flexibility. This allows the 
structure to deflect, as abam in Fige J-5b, with the top and bottam girders 
remaining peralle] (roe celled “sheer bea" deflection). The stiffness (k) 
of the structure is the horisentel displacement (A) ef the top girder 
relative to the lover ginler per unit force acting on the c.u.s k ie essumed 
te te linear. It is a wmposite stiffness inciuding tho astion cof both 
colauma. The whole structure ie still free to slidw er overturn, os was the 
Previews rigid structure, cepending on the balance of forces. 

The structure ie again eecumed to be resting on hard grou, wr 
yielding in the vertica! girection. The horizontal resistive ferce of the 
groumi on the structure is agein mf, where ng is the weight of the structuc 
emi f is th coefficient of resistance between the soil ami structure. 

The equivelent concentrated blest loading, i,» is eseuned to act 
threugh the center of mass of the stractare. Ae the inpuleive iced etriles 
the structure on a horisonte] line through the center of masc, it is 
"filtered" ty the inertia of the masse. The not or filtered force ie i,m, 
vbere mx is the force with which the mase resists acooleration. ‘This 
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img inte the colueme. The columme deflect clastically or plastically in a 
hori.zontel direction until their deflection (4) tines their stiffness ‘k) 
fe large enough to balance the "filtarei" force F,-m. This fores 4s then 
troneferrec horisontally from the base of the structure into the grown. 
Heedlecs to say, the force transferred to the ground in this manner cannot 
expeed the borizontal resistence (mf). 

The flow ef forces ceseribed above ney not be able to balance the 
lewd of F), especially since the deflection on the structure is limited by 
the horisental resistance (gf) of the cround on the structure. If this is 
the case, the whole strvoture will tend to slide. This causes aiditional 
movement of the mass, and cormecuently additional inertis farce to create 
the needed balance with P,. 

The other extreme cese would be that of the harigontal resirtence 
(@agf) being adequate to prevent sliding but with the structure itself re- 
sisting further defgrmatian so that the load 7, is not telenced. In this 
tugs there would be a tendency for tim structure to retete bodily, thue 
producing rotary inertia recistance to help balance /',- 

Tas, unler different axnditiens the flexible structure can res= 
pend in several ways: (1) It can abeord the whole impulse internally with 
no gliding epi no overturning. (2) It cam ebsorb the imalee by internal 
Gistertion plus sliding. (3) Tt can abeorb the lmmuise by interne! dise 
tertion end overturning. The maximm displecexente for the differant 
motions need net ecaw in chaps. 
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2Y « 
In general the effect of flexilility con the structure is to 
recune the maien pisced uron the foundation. 


3e2+1 Jb gliding gui Ie Overturoing 


The toe does not move and the engie ¢ remaine sere. ‘fhe ctruce 


ture does distort and the mass moves herisantelly ea Gistence x. It is de- 
siged to find the liniting value of f for this setion. Frou Fig. 3-5b: 


Tho shear in the colwaw is resisted by E,, 


Kees iy 
£2.90 FS H=0 
fem -b KX 
= M=O about foe 
Gi =m) D = mosCeex) 
Subshi tuting 


XD = mg(B-x) 


Solving for x 


X(KD+m9) = maB 
Qe ase 
KD+mQ 
Since Ky ~ Kx 
KD +mg 


V+ Med 
fart, Cae a 


ma 1 + “oe - 





LS 


Xf © ates be inficttely lage (1.c. the strostare weds be righd) the 
shows co wwerton Lecmre: Fa B/0 vide ie det wee obtetaet weviowly 
far © right etructam, for the cit of eliding wth eo overtime. ‘The 
Qeferveticn of the otrwetare tae reylson! ‘de elidines foe velo Loewe 
thee £ given show, the strucizcee wlll slice. The epetion chew is walis 
for @m12 elastis @&flections within th structure. 

If the strurture cmters the plastic rem ly cotion in a omter 
@ jeiet, Ue horiemtel foros trem tte to the grand will be thet 
Ganresjenting to the plastic mucistamer ef the vtrorture. ebetber © pet 
tis excess the value of borisertai reeistenee (apf) WL eternive ssoter 
the ctyarmcr lifes or not. 


3-202 sberiaete Listen chow Bh tlle 
Goes tie initial Cot. imparted be the structures is ceei wp in 
teternal deflection aul in extern] sliding, = apiteuclate solat.«< fae 
Ue dartans the strane slidne con be cbtatam: by te Leclemeumatun 
wuletion. ds bofer;« the initial K. 2. of tae mame of the structure cum be 
obtedoe! by asreming the initée) momentum oyml to the inyulse of tte low: 
Dgwles = Gaeta: 
Ftp = mx 


or 


De tedtied EK. b. Les x = 


ie 
m 


kx. €, '/2. m(x)~ 


- ta (Rite y” 
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The mace will move horiaontally witil the horizontal forwe in the columns 
equals the available horisontal resistance of the grou! on the structure 
magf. Then the entire structhes vill slide against the resistance ugf mm 
t4l the balance of the energy ia used up. The deflected structure may then 
recover ite original sherpa, but the base cf the structure is egeuned to 
vennain et ite naxinmm horizontal displacement. Referring to Fig. 26, the 
work neceesary to deflect the columme is: 


“tte 


C 


Referring to Fig. 2-7, the work In sliding the structure is: 
Var = Fig X 
Equating initial ZX. &. to work deme internally and extermelly: 


Ke we vA Vs 


SCR) =e ines on", tmo x 


Solving for x, the distance the structure slides: 


re 


x = teg mat 


alk 


Dividing ty D to make dimensionless: 


: 2 | 
pe e- (ee SL (3-10) 


Sat 


The equetion above shows that o nonwricid struchne will slide a leaser 
distance timn a rigid cone. Piathermore, a civen flexibie structure on e@ 
given fowxstion will tend to reduce eliding by the sane amount for si) 
values of immilsive iceis. 


— 
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30. 


303 dpalyeis of Dialc itracture on coli Uslding Vertically: load dmiled 


&& caviar of Lass 
Thus far the structsees stuiied heave been assumed to be resting a 


grousi which wes ungielding wertically. ds the structwe received the ine 
puipe, the vertice) thrust on the grewyi ves resisted without any yielding. 
Sinee tides may not be the case, the effect cf yielding cf the growl verti- 
cally will now be considered. 

ds shown in preceding analyses, the overturning moment of the 
steucturs involves the horisomtal resistive fores of the grows on the struc- 
tum. The moment cpvosing overtaarning invelves pertiy the vertical grewnxl 
reaction on the front toc As Accordingly, ancther limitation is placed on 
the stekility of the etructure; i.e. the abdlity of the grou) to resist a 
vertical thrust. | 

The strectame io show in Fig. 2<,. It ie eupported on two verti- 
eal springs, A axl U, esch having a lincar stiffmees deciguated by h_. 
k, 18 related to the, properties cf the etructure since it 1e defined ass 


= ma 
Ky = 3 


vheve mg in the weight of the structures awi & is the vertical] eettlenent in 
each eyring csused by the veigirt mg. 

FP, is aseued to act in « horisentel Line through the center of 
mass of the structure. The structure is semmed to be rigid. It is also 
aseuned inet there is oufficient hor! sontal resistance, met, to prevent 
sliding. Theso asgsumptions lisit the action of the structure to overturn 
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ang; end that is the action which is affected primarily by the vertical 
yielding of the sell. 

Tt is aleo true that wrtical yielding of the soil beneath the 
change wiil be en increase generally, emi wil) make the previecues sliding 
eeloulations a little safer. Te mitability of the previous overamning 
caleulations, hovever, mey be affected; ani to stay that possild lity is 
the pur, ose of this section. 

Refersing agein to Figs 2~4, the springs are agmumed to have 
linear stiffnersses as sham. In addition, the aprings are not eble to pall 
down on the structure, eo if the structure tends to lift off a epring, there 
vill be no restraim.. 

Referring to Fig, 3-0, the sction of this idealised struct 
under an impulse loai is es follews. The ferusrd toe (A) vill dereee 
spring A axi take increasing vertical thrust from the ground. The rear toe 
will stfi11 reet on spring C, but there 1s e tendency for the rear toe to 
Mft. ‘The center of mass of the structure will be moving downast!. Finally. 
the vertical thrust under toe A will resch a value equal to the elgehoreic 
sun of the weight of the structure ani the inertia force caused by the 
vertical movement of the mass. At this point there will he sero force cowre 
werd threugh tos C, ani toe € will be free to Lift. Overturping will then 
etert to take pisce about too A, witch is in a depressed positian. 

Vien overturning stertea about toe A, the oenter of mace id]] ree 
verse its wertice!] oamxment of movement and move usverd. This causes e 
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pevercal in tho vertical inertia force, my, which will tend to deress 
tee A further. Rt if toe A depresses, the center of mass will lowr too. 
This tenis to counteract the upward novement of the c.n. caused ty the 

If the mess of the structure were very lerge relatively ami the 
spring were relatively soft, the result vould be for the mess to rotate 
witheut vertical movement of ite cen. S ring A would depress the aunt 
receseary to permit thia. 

If tho mane of the structure vere relatively mpall ani the spring 
were relatively stiff, the result vould be for spring 4 to bold the position 
it had when toe C lifted, ent for the structure to rotate about tos A. 

The action described above may stop at amy point of ite progress, 
Gepeniing upon the prevailing values of the problem peranctere. 

The ection can be thought of es being in two phases: (1) De- 
pression of front too with rear toe not lifted. (2) Overturning about 
front toe. 
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3o3ol Coane 1 Dowmesaion of Front ice with Meer ioe Bot Liftes 
From Fig» See 8 


X= OD 


I! 


Y- BS Por @aoll valuee of ¢ 
y= @Be 


= +BO 
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33-6 
2 H=0 
Ry = P-m*x = RF -mD6é 
=V=0 
mg= Rye + muy 4+KyQ 4-0 
we So mBB oa 2eBky, 6 
2M=o0 about 


cenfer of mass 





Rued+R,.B- Wa B- mae = emé = 2 
Substituting for Ru and Rye 
m6 (D*+ Be") + 4B KY 8 = PD 
but (Deptt) = &7 
ae 5+ ae 3 0 = > 


al i ae 


ae 





from which 
= feb : 4B Ke 
0 4B Ky (1 ~ cos etm t ) 


Since at t=0, @¢B=0 
Rear toe wi’) cease te touch epring « uhen _—_ = Oy cme 





(Sekt } 


mBO6+2Bk,4 o> 
Troe vikich 


a | a m 





Lines 


UP O=o Bt 2x6 


C= - Mg. 
4 BK. 
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ard 
0 apm ( 1- ces t ) 
Or Srnwe i= a 
= (ay218 J :- cos [2 B te) (3=11) 


CA aah g 
QO = Cares (1 = cos EEK t) 
or Since Noa 
aaa ye | 22, ey 3 yD 
8=( %na 7a) (ep [= cost: = DAS t } 
Equating the veluea of @ : 


Cae le ~cos|32 = +)= (ty hn PL ySj-cos EB SP t) 





dxdi solving for P/mg — 


a“ 


F< (By \- cos StS) 

aes i cos RIS) t = 

Equation (3-12) gives the time which a given pulse, F,, mst act 
on @ rigid structure beving ea given mg and 8/D before tho rear toe wi’ 
lift. 

If the pulse ects a shorter tim than that of ecuation (3-12) the 
rear too will net Lift. The instent the pulve etope the eceeleration of 
the mass vertically downwerd ull! become a deceloraticn and the inertia 
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force will sct dowmwarl inetead of upward. This dowward forces plus the 
weight of the structure will keep the rear toe down. 

Reuation (3-12) therefore represents the minimum cambinatione cf 
pulse nagmitate ani duration which will eause the rear toe to lift. 

In Appendix C, Mig. 6-6 ia ae plot ef ecuation (3-12) for B/D = » 
and B/S = 25. The ratio B/D gives the gecametric proportians of the 
structure; the ratio D/S indicates thet 2, the immediate settionent ce tne 
structure is placed upon the ground (surings), is 1/25 of by the height of 
the center of nage. 

The anglo, @,, which the structure hes aseumed as the reat toe 
lifte, is given by substituting values satisfying equation (3-12) in 
equstion (3-11). ‘The approximete depression of the spring wer toe A 
would be Gy = 2B0, ° The wort: cone on the suring (ground) would then be: 


Vet, 5s $v GB) = exvete (15) 


303.2 Phage II. Overturning ibext Brox Tee 

fa Ciesevssed yroviousiy, this front epting, A, may Geprem more 
efter the reer toe lifte. For oxamle, if the mass were largo anid the 
spring soft, thin additional depression of the spring 4 caused by an 
ecditional rotation &, would be significant. On the other hand, if the 
mass wore relatively mall and tiem pring reletively stiff, the opring 
would gGepress only slightly «@ the com. would rise ae the structure motet~ 
ed. With the spring cheracteristic shom in Fig. 24, the syring A will 
retein its poslticn of maximum de:rcssion. 
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36. 


The determinetien of ¢__ is canplicated by the fect that veri- 
ations in the duration of the pulse chenge the form of the caleuletiom. 
In addition the rotetion @, is teking plece sbowt a point (toe A) which ts 
moving vertically. ‘The reverenl of inertia forces can cause the reer toe 
to mmo beck cown temporarily on ejpring C. 

To fink the value of €, fer a given cese it is necessary first to 
determine fron equation (3~12) er from a graph such ns Fig. C-6 whether the 
impulse is sufficient to cause lifting of the rear toe. It is then 
necessary to write the differential ecuations of motion involving 6 ami y 
end solve for @, @, and t for the different stages of the action, i.e. 
lifting ef rear toe, exiing of pulee, and point where rotetion stop:. 

To perform the above calculations is tedicus, and no sinyle 
goneral equations can be written. For a specific jwoblem, a solution can 
be obtained very nicely by numerics] methods such se are ciscussed in ref~ 
erenee 5, pe 50. Solution ty mmericel methods hes the added virtuo of 
giving a step-by-step picture of the motion of the structurs. llowover, the 
result will not be ery better than the ascwmptions mede to etart with, and 
the laber of sclution by olther analyticel cr mmerical methols nay bo ue 
werrarnted. 


3-3-3. Maximum Hetation Gam ered te itmuctuy on Laid Grouni 

In lieu of either of the calculations Just deseribed, some 
qualitative information can te obtained by comparing energy lewels. To 
de this it is necessary again to make the semss-tion that the initial 
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monemtbya of the etructure ie euai to the impulse of the load. Tho initéal 
Kinetic energy cen tien be found, am) this initial kinetle energy is the 
tetal energy of the structure at sero tim. lio more energy is aided to the 
system. The initial K. I. ie weed up by defng vork on the structure. 
Sinee the atructure is rigid, ali the work Gone ie external vark. ‘Since ft 
has been sceuned thet the borisonteal grou resistance is large enough to 
prevent eliding, the external work consiste of reteting the structure. 

Fig. 3} shows identical rigid etructuree placed (a) on yield~ 
ing ground and (b) on urylelding ground. foth structures have reached the 
seme nari angular displacement @ » but the ope in (e) has eles de- 
proneed the opring under the front toc & distanes of F,. The work required 
to yat these structures in these poritione uill be foun. 

The work te put structumss (a) in the position shown can be 
thought of in tvo parte; first, the Gepreesing of the front spring o dis~ 
tance ¥, as tho structure rotetes an ascunt 6,5 second, the rotation from 
By Sie ttt 7) eqnotent The expression for work is: 


Work, - KG aia ynmae 


me 


M is the moment receired to rotate the structure end is a function cf +. 
mut 


y, =288, 
Ke = ge 7 
WerKa =z Ze (26) \, Wise 
= BQ: + arte 
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ae by I: ds : 4s = = , Hx . a 
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ieetinted te O_O a ae 


The wore to put etrwetaee (b) do the peettion show Je: 
Bees 


Work, = f Md 
6 


wate, could be wr’ tts 


B, B max 
Work, = is Md@ + if M de 


wis eqein the aoment 
Mi= gag (B= ES 


Cebrtiteting this value in We fleet tern— : 
D max 


Q 
Work = mg (g-pejde +f. mde 
| 
_ pst. cB 
= mq(Ba- D& ) +). vel: 


‘ou eau: tet thees tuo quaentitdes of wart were ocmmel. Thet 
would eam thet « given inttiel £. =. would produce the ame Gis usta 
atreclwos (9) an >) - 


Wer Ka = Work . 


_ 


= 2 .s) a _ er B may 
"s BA" 4 Sg "wide = mq(Bb,- BBL), fo mae 
frm wie ; on 
= 22 . ‘ld ) 
eit © = = ayy + Ye ) 


2 wpation (5-14) te satiefind, both stewtieus will eve the sew Gf 
a give inyuise. Tae eagle 6, involwer the final deprecela of Ue ocing 
ot cen bo cumiet leres thee Ge 4 ct vole the reer tos firel Lite. 





‘This mele has been aeviously designsted 6, . 

If, for a chwee ioe’ epplied to e given streotomw on yleliing 
pmsl, We velar of Un tee Seawseion y, coli be wteminet, tie value 
of @, coult be obteinwd fvon the relation 6, = 7,/. This 6, om! be 
Gorpared with the orition] ©, obtadm! Crem emmtion (-1f). frm tide 
Qgwertec: the fellocdny cam be foforred. 

If @, < crit 6), the struetere will have « leseor nexbas 
Fotation on the yielding goa) tee on unyleldicg ground. 

If @, = erit @,, the struoture will Lawe the ome umchem 
PFotetion om either the yielding crowx or om woielding groom. 

If @, 7 crit ,, the wtructurs will heve © grecter ammicen 
rotation on the yleliing growl than on wyielting grouni. 

The value of @, 1@ not imown amectiy. It 1¢ equal to w grater 
then 6,, which ie tho angle et uiich the rear tee lifte. The valu af 6, 
em be found fron syustions (~12) and (l=11). 

Since @, £ ,, it follows thet vem @ > crit 6, the etmetue 
Will rotate farther w yleldfng groumi then on ner-yielding @acs. if 
©, = erit @ no definite ctatexcet can be mein. 

The value of eritice! 6, obtain! fram eyuation (5-1.) emends 
om the chee of the etruct:re ai the Mexibility of the wom. 





m 














o ‘ates 
ee 
on ob ee, ot ty Fee ee et ewe 
ee Fae ae ie 4 eee a ot 
all oR ie, ee oe 

hee ee Ey ee od tm > ow 





- 


dis Hey 6 et ie ee ot of te 6 Oe 
ig laa as a ay, I, 
st ee ee me Oe 
em 
See cl 
ree at mm < mee cat etal BO = Oh eel 
D Sn Goes Doe dg Sem S aa —_ 
7 | —2oaee 
as ss A a i ae ae em lt 























al = = th =@ 
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STRUCTURE AT REST STRUCTURE DISPLACED 
Fig 3-l 


Force Diagram 
COORDINATES REFERRED To C.m. 


Fia 3-2 
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m(x+D6) 


Force Diagram 
Coorpinatres REFERRED To loz A 


Fig 3-3 


P ApPLieD at cm. P Not Apeecieo atcm. 


Fiq 3-4 
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¥ 
(a) 


Flrexisre StTrucTure 


Fig 3-5 


Horizon ra. Diser. 


Resistance oF Structure 
To HorizonTAL 
DEFORMATION 


Fig 3-6 


mof 


=> 
x 


HoRIZONTAL DisPL. 


Resistance of Ground 
To SKIOING OF STRUCTURE 
A Distance X 


FIG 3-7 
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